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Abstract
Couplings between light scalar dark matter (DM) and neutrinos induce a pertur-
bation to the neutrino mass matrix. If the DM oscillation period is smaller than ten
minutes (or equivalently, the DM particle is heavier than 0.69 × 10−17 eV), the fast-
averaging over an oscillation cycle leads to a modification of the measured oscillation
parameters. We present a specific µ− τ symmetric model in which the measured value
of θ13 is entirely generated by the DM interaction, and which reproduces the other
measured oscillation parameters. For a scalar DM particle lighter than 10−15 eV, adi-
abatic solar neutrino propagation is maintained. A suppression of the sensitivity to
CP violation at long-baseline neutrino experiments is predicted in this model. We find
that DUNE cannot exclude the DM scenario at more than 3σ C.L. for bimaximal,
tribimaximal and hexagonal mixing, while JUNO can rule it out at more than 6σ C.L.
by precisely measuring both θ12 and θ13.
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1 Introduction
The existence of DM has been well established through various cosmological and astrophysi-
cal observations. However, after decades of experimental searches for DM, the particle nature
of DM is still unknown, and viable DM particle candidates span an enormous mass range
from fuzzy DM [1] to primordial black holes [2]. Among the DM candidates, fuzzy DM with
a mass range 1−10×10−22 eV has attracted much attention recently since it can resolve the
small scale crisis for standard cold DM due to its large de Broglie wavelength; see Ref. [3]
and references therein. Constraints on fuzzy DM can be obtained from Lyman-α forest data
and a lower limit of 20 × 10−22 eV at 2σ C.L. has been set from a combination of XQ-100
and HIRES/MIKE data [4], although a proper handling of the effect of quantum pressure
and systematic uncertainties may relax the limit [5]. Nevertheless, light scalar DM candi-
date of mass below a few keV are generally expected in many extensions of the Standard
Model (SM). Examples include a QCD axion [6], moduli [7], dilatons [8], and Higgs portal
DM [9]. Constraints on hot DM require that light scalar DM cannot be produced thermally
in the early universe. A popular production mechanism for generating light scalar DM is the
misalignment mechanism, in which the fields take on some initial nonzero value in the early
universe, and as the Hubble expansion rate becomes comparable to the light scalar mass, the
DM field starts to oscillate as a coherent state with a single macroscopic wavefunction [10].
The properties of light scalar DM can be probed if they are coupled to SM fermions, which
induce a time variation to the masses of the SM fermions due to the oscillation of the DM
field. Here we consider the couplings between the light scalar DM and the SM neutrinos,
which were first studied in Ref. [11] by using the nonobservation of periodicities in solar
neutrino data. Constraints on light scalar DM couplings were also considered in Refs. [12, 13]
by using the data from various atmospheric, reactor and accelerator neutrino experiments.
In general, the interactions between DM and neutrinos provide a small perturbation to the
neutrino mass matrix; a generic treatment of small perturbations on the neutrino mass
matrix is provided in Refs. [14, 15]. If the DM oscillation period is much smaller than the
periodicity to which an experiment is sensitive, the oscillation probabilities get averaged,
and a modification of the oscillation parameters can be induced if the data are interpreted
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in the standard three-neutrino framework.
Evidence of time varying signals has been searched for in many neutrino oscillation ex-
periments. Super-Kamiokande finds no evidence for a seasonal variation in the atmospheric
neutrino flux [16], and the annual modulation of the atmospheric neutrino flux observed at
IceCube is correlated with the upper atmospheric temperature [17]. Monthly-binned data
from KamLAND indicate time variations in reactor powers [18]. Tests of Lorentz symmetry
via searches for sidereal variation in LSND [19], MINOS [20], IceCube [21], MiniBooNE [22],
Double Chooz [23], and T2K [24] data, are negative. Also, Super-Kamiokande [26] and
SNO [27] find no significant temporal variation in the solar neutrino flux with periods rang-
ing from ten minutes to ten years. We therefore take the DM oscillation period to be smaller
than ten minutes.
In this work, we study the modification of neutrino oscillation parameters due to light
scalar DM–neutrino interactions. Since the predictions are flavor structure-dependent, we
present a specific µ − τ symmetric model in which the symmetry is broken by light scalar
DM interactions thus generating a nonzero mixing angle θ13. We first examine the effects
of this model on data from various neutrino experiments. We then study the potential to
distinguish this model from the standard three-neutrino oscillation scenario at the future
long-baseline accelerator experiment, DUNE, and the medium-baseline reactor experiment,
JUNO.
The paper is organized as follows. In Section 2, we present a model in which µ − τ
symmetry is broken by the DM interactions. In Section 3, we examine the implications of
this model for the measured neutrino oscillation parameters. In Section 4, we simulate future
neutrino oscillation experiments to study the potential to distinguish this model from the
standard scenario. We summarize our results in Section 5. In Appendix A we calculate how
the scalar DM interactions with neutrinos affect neutrino mass and mixing parameters, and
in Appendix B we determine how the DM oscillations cause a shift in the effective neutrino
oscillation parameters measured in experiments.
3
2 The Model
The Lagrangian describing the interactions between light scalar DM and neutrinos can be
written in the flavor basis as [12, 13]
L = ν¯Lαi/∂νLα − 1
2
mαβ0 ν
c
LανLβ −
1
2
λαβφνcLανLβ + h.c. , (1)
where α, β = e, µ, τ , m0 is the initial neutrino mass matrix, and λ is the coupling constant
matrix. Since the light scalar DM can be treated as a classical field, the nonrelativistic
solution to the classical equation of motion can be approximated as [11]
φ(x) '
√
2ρφ(x)
mφ
cos(mφt− ~v· ~x) , (2)
where mφ is the mass of the scalar DM particle, ρφ ∼ 0.3 GeV/cm3 is the local DM density,
and v ∼ 10−3 is the virialized DM velocity. Since v  1, we neglect the spatial variation in φ
for neutrino oscillation experiments. In the presence of scalar DM interactions, the effective
Hamiltonian for neutrino oscillations can be written as
H =
1
2Eν
M †M +
√
2GFNe

1 0 0
0 0 0
0 0 0
 , (3)
where Ne is the the number density of electrons. The effective mass matrix can be treated
as the sum of an initial mass matrix and a small perturbation [15], i.e.,
M = U∗0

m01 0 0
0 m02 0
0 0 m03
U †0 + E cos(mφt) , (4)
where U0 is the initial mixing matrix, m
0
i ’s are the initial neutrino eigenmasses, and the
elements of the perturbation matrix are
Eαβ = λαβ
√
2ρφ
mφ
= 0.0021 eV× λ
αβ
10−22
× 10
−22 eV
mφ
×
√
2ρφ
0.3 GeV/cm3
. (5)
Note that the bounds in Fig. 1 of Ref. [11] only apply to a specific combination of λαβ and
mφ. Planck measurements yield
∑
mν < 0.23 eV at the 95% C.L. [25], which is much larger
than the size of perturbation considered here.
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We consider a model in which the initial mixing angle θ013 = 0 and the measured θ13 value
is generated by the DM interactions. In order to simplify our calculations, we specialize
to models in which the DM interactions only affect the masses at higher orders in the
perturbation, leaving them effectively unchanged. From the generalized perturbation results
of Ref. [15], we find that the most general perturbation satisfying the latter requirement is
of the form,
E =

0
√
2s023
√
2c023√
2s023 
′ sin 2θ023 
′ cos 2θ023√
2c023 
′ cos 2θ023 −′ sin 2θ023
 . (6)
As a further simplification, we assume the model is µ− τ symmetric, i.e., θ023 = pi/4. Then
the perturbation becomes
E =

0  
 ′ 0
 0 −′
 . (7)
With this perturbation, the shifts in all three angles are first order in the small quantities
, ′, and δm21, where δmij ≡ mi − mj; since the eigenmasses are not shifted at leading
order, we drop the superscript ‘0’ hereafter. In Appendix A, we show that the leading order
corrections have amplitudes
δθ13 ≈
√
2||
δm31
, (8)
δθ23 ≈ Re(
′)
δm31
, (9)
δθ12 ≈ −Re(
√
2′ cos 2θ012 + (
2 − ′2/2) sin 2θ012)
δm21δm31
, (10)
δCP ≈ arg() . (11)
Note that δθ12 is second-order in the ’s and is therefore proportional to cos
2(mφt), while δCP
depends only on the phase of  and is constant, i.e., it is not affected by the DM oscillation.
Both δθ13 and δθ23 are dependent linearly on cos(mφt).
5
3 Effects on neutrino oscillation parameters
In this section, we study how the neutrino oscillation parameters are modified in our model,
assuming the period of the DM oscillation (τφ = 2pi/mφ) is short compared to the experimen-
tal resolution of periodicity. Here we use the superscript ‘0’ to denote the initial oscillation
parameters, and the superscript ‘eff’ to denote the effective parameters measured at neutrino
oscillation experiments if the data are interpreted in the standard three-neutrino framework.
For the parameters obtained after incorporating the DM perturbation, no superscript is used.
3.1 Short-baseline reactor experiments
The leading oscillation probability for reactor antineutrinos (at a Daya Bay-like distance)
is P = 1 − sin2 2θ13 sin2 ∆31 where θ13 = θ013 + δθ13 cos(mφt) and ∆jk = δm2jkL/4E. Then
expanding in powers of δθ13 and averaging over a DM oscillation cycle, we get
sin2 2θ13 sin
2 ∆31 ' sin2 ∆31
[
sin2 2θ013(1− 4(δθ13)2) + 2(δθ13)2
]
, (12)
as found previously in Ref. [12] . If θ013 = 0, then sin
2 2θeff13 = 2(δθ13)
2, so the angle being
measured in these experiments is
θeff13 ' δθ13/
√
2 . (13)
3.2 Long-baseline appearance experiments
For long-baseline experiments, the formulas are more complicated. From Ref. [28],
P (νµ → νe) = x2f 2 + 2xyfg cos(∆31 + δCP ) + y2g2 , (14)
P (ν¯µ → ν¯e) = x2f¯ 2 + 2xyf¯g cos(∆31 − δCP ) + y2g2 , (15)
where x = sin θ23 sin 2θ13, y = α cos θ23 sin 2θ12, α = |δm221/δm231|, f, f¯ = sin[(1∓Aˆ)∆31]/(1∓
Aˆ), g = sin(Aˆ∆31)/Aˆ, Aˆ = |A/δm231|, and A ≡ 2
√
2GFNeE. Assuming θ
0
13 = 0, and before
averaging,
xf ≈ 2fδθ13C
[
sin θ023 + C cos θ
0
23δθ23
]
, (16)
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where C = cos(mφt). After averaging, the leading term for x
2f 2 is
x2f 2 ≈ 2f 2 sin2 θ023(δθ13)2 , (17)
which is similar to the reactor case, i.e., the effective θ13 is δθ13/
√
2.
We can write yg as
yg = y0g
cos θ23 sin 2θ12
cos θ023 sin 2θ
0
12
, (18)
where y0 = α cos θ
0
23 sin 2θ
0
12. After explicitly putting in the perturbation, yg becomes
yg ≈ y0g
[
1 + 2C2δθ12 cot 2θ
0
12 − C tan θ023δθ23
]
. (19)
Combining Eqs. (16) and (18) and after averaging, the xyfg term is
xyfg ≈
(
cos 2θ023δθ13δθ23
cos θ023
)
y0fg , (20)
where the term in parentheses replaces x in the standard expression. Note that this term
is suppressed compared to the usual case since it is proportional to two factors of the ’s
(assuming  ∼ ′), instead of just one — the term proportional to one factor of  was linear
in C and averaged to zero. For µ−τ symmetry, θ023 = pi/4 and the term vanishes completely.
The upshot is that the effect of the Dirac CP phase on P (νµ → νe) and P (ν¯µ → ν¯e) is
suppressed in long-baseline neutrino oscillation appearance experiments. Also, as shown in
Appendix B, this model predicts a suppression of the sensitivity to CP violation in all types
of neutrino oscillation experiments.
3.3 Medium-baseline reactor experiments
For KamLAND and JUNO, the oscillation probability is
P (ν¯e → ν¯e) = 1− sin2 2θ13 sin2 ∆31 − cos4 θ13 sin2 2θ12 sin2 ∆21
+ sin2 θ12 sin
2 2θ13
[
1
2
sin 2∆21 sin 2∆31 + 2 sin
2 ∆31 sin
2 ∆21 − sin2 ∆21
]
. (21)
For θ013 = 0, the angular factors after averaging over the DM oscillations are
〈sin2 2θ13〉 ≈ 2(δθ13)2 , (22)
〈sin2 θ12 sin2 2θ13〉 ≈ 2(δθ13)2 sin2 θ012 , (23)
〈cos4 θ13 sin2 2θ12〉 ≈ sin2 2θ012(1− (δθ13)2) + sin 4θ012δθ12 . (24)
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Equations (22) and (23) are identical to the standard case with sin2 2θ13 replaced by 2(δθ13)
2,
the same as for short-baseline reactor and long-baseline accelerator experiments. In Eq. (24),
the sin2 2θ012-dependent term on the right-hand side has a coefficient,
1− (δθ13)2 = 1− 2
(
δθeff13
)2
' cos4 θeff13 . (25)
Equation (24) also has an extra term proportional to δθ12. This causes an effective shift
in the measured value of θ12. To determine how the shift depends on δθ12, neglect δθ13 and
consider
sin2 2θ012 + 2 sin 2θ
0
12 cos 2θ
0
12δθ12 = sin
2 2θeff12
≈ sin2 2θ012 + 4 sin 2θ012 cos 2θ012δθeff12 , (26)
so that δθeff12 = δθ12/2, and what one measures in this type of experiment is
θeff12 = θ
0
12 +
1
2
δθ12 . (27)
3.4 Solar neutrinos
In the SM scenario, solar neutrinos created in the center of the Sun undergo adiabatic
evolution to the surface of the Sun, and travel to the Earth as an incoherent sum of the mass
eigenstates. To not spoil the adiabatic evolution inside the Sun, we require that the period
of the DM oscillation τφ be much larger than the time in which neutrinos travel through
the Sun, which is about 2.3 seconds. This requirement restricts the mass of the scalar field:
mφ  1.8× 10−15 eV.
The three-neutrino survival probability for adiabatic propagation is
P (νe → νe) = cos2 θ13 cos2 θ¯13
[
cos2 θm cos
2 θ¯12 + sin
2 θ0m sin
2 θ¯12
]
+ sin2 θ13 sin
2 θ¯13
=
cos2 θ13 cos
2 θ¯13
2
[
1 + cos 2θm cos 2θ¯12
]
+ sin2 θ13 sin
2 θ¯13 , (28)
where
cos 2θm =
cos 2θ12 − Aˆ0√
(cos 2θ12 − Aˆ0)2 + sin2 2θ12
, (29)
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with Aˆ0 = 2
√
2GFN
0
eE/δm
2
21, and N
0
e is the electron number density at the point in the Sun
where the neutrino was created. Here θij = θ
0
ij + δθij cos(mφt) and θ¯ij = θ
0
ij + δθij cos(mφt+
mφt0) are the mixing angles at the production point in the Sun and at the Earth, respectively.
They differ by a phase factor mφt0, where t0 is the time traveled by neutrinos from the
production point to the Earth.
Since θ013 = 0, expanding to the leading term, we have
cos2 θ13 ≈ 1− δθ213 cos2(mφt) ,
sin2 θ13 ≈ δθ213 cos2(mφt) ,
cos 2θ12 ≈ cos 2θ012 − 2 sin 2θ012δθ12 cos2(mφt) , (30)
and the corresponding barred quantities can be obtained by replacing the phase mφt with
mφt+mφt0. Also, to the leading order, we have
cos 2θm ≈ cos 2θ0m + Fδθ12 cos2(mφt) , (31)
where cos 2θ0m has the same form as Eq. (29), and
F =
−2 sin 2θ012√
(cos 2θ012 − Aˆ0)2 + sin2 2θ012
− 2 sin 2θ
0
12Aˆ0(cos 2θ
0
12 − Aˆ0)
[(cos 2θ012 − Aˆ0)2 + sin2 2θ012]3/2
. (32)
If P0 is the probability without the perturbation, i.e.,
P0 =
1
2
(
1 + cos 2θ0m cos 2θ
0
12
)
, (33)
then keeping the leading correction for each δθ, we have
P ≈ P0 + 1
2
δθ12[cos 2θ
0
12F cos
2(mφt)− 2 sin 2θ012 cos 2θ0m cos2(mφt+mφt0)] (34)
− δθ213P0[cos2(mφt) + cos2(mφt+mφt0)] .
Because there is no interference term between cos2(mφt) and cos
2(mφt + mφt0), we can
average over them separately. Hence,
〈P 〉 ≈ P0 + 1
2
δθ12
(
F
2
cos 2θ012 − sin 2θ012 cos 2θ0m
)
− δθ213P0 . (35)
By a similar calculation, the effective shifts in θeff12 and θ
eff
13 lead to
P ≈ P0 + 1
2
δθeff12 (F cos 2θ
0
12 − 2 sin 2θ012 cos 2θ0m)− 2(δθeff13 )2P0 , (36)
and we see that δθeff12 = δθ12/2 and δθ
eff
13 = δθ13/
√
2, the same as for medium-baseline
reactor experiments.
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3.5 Atmospheric neutrinos
The survival probability of atmospheric neutrinos is
P (νµ → νµ) = 1− (cos4 θ13 sin2 2θ23 + sin2 θ23 sin2 2θ13) sin2 ∆31 . (37)
For θ013 = 0, after averaging,
〈cos4 θ13 sin2 2θ23〉 ≈ sin2 2θ023(1− (δθ13)2) + 2 cos 4θ023(δθ23)2 , (38)
〈sin2 θ23 sin2 2θ13〉 ≈ sin2 θ0232(δθ13)2 . (39)
Since the (δθ23)
2 term is doubly suppressed, we have θeff13 ≈ δθ13/
√
2 and δθeff23 ≈ 0. Thus,
θeff23 ≈ θ023 . (40)
This also applies to the long-baseline νµ survival probability. Also, as shown in Appendix B,
matter effects do not change these results.
4 Tests of the model in future neutrino experiments
From the analytic analysis of the last section, we see that the constraints on this model
mainly come from the measurement of θeff13 and θ
eff
12 . From Eqs. (8) and (13), we have
θeff13 '
||
δm31
, (41)
and from Eqs. (10) and (27), we have
θeff12 ' θ012 −
Re(
√
2′ cos 2θ012 + (
2 − ′2/2) sin 2θ012)
2δm21δm31
, (42)
where
δm31 =
√
m21 + δm
2
31 −m1 , (43)
δm21 =
√
m21 + δm
2
21 −m1 ,
for the normal hierarchy, and
δm31 = m3 −
√
m23 − δm231 , (44)
δm21 =
√
m23 − δm231 + δm221 −
√
m23 − δm231 ,
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for the inverted hierarchy. Since the correction to θ23 is doubly suppressed in the oscillation
probabilities in this model, θeff23 remains maximal.
We first study the sensitivity of long-baseline accelerator experiments to this model. Since
the currently running experiments, T2K and NOνA, have large experimental uncertainties,
we consider the next-generation DUNE program. In our simulation, we use the GLoBES
software [29] with the same experimental configurations as in Ref. [30]. For the oscillation
probabilities in the DM scenario, we modify the probability engine in the GLoBES software
by averaging the probabilities over a DM oscillation cycle numerically. We also use the
Preliminary Reference Earth Model density profile [31] with a 5% uncertainty for the matter
density.
To obtain the sensitivities to the DM parameters at future long-baseline neutrino ex-
periments, we simulate the data with the SM scenario in the normal hierarchy. Since the
sensitivity to the Dirac CP phase is suppressed at such experiments, we conservatively choose
δCP = 0. Also, due to the double suppression of the correction to θ23, we choose θ23 =
pi
4
,
which is within the 1σ range of the global fit [32]. We also adopt the other mixing angles
and mass-squared differences from the best-fit values in the global fit, which are
sin2 θ12 = 0.307 , sin
2 θ13 = 0.022 ,
δm221 = 7.40× 10−5 eV2 , δm231 = 2.462× 10−3 eV2 . (45)
We then test the DM model with the simulated data. We fix the initial mixing angles,
θ023 =
pi
4
and θ013 = 0. For θ
0
12, we consider three benchmark values that are inspired by
underlying discrete symmetries. Namely, θ012 = 45
◦ for bimaximal (BM) mixing [33], θ012 =
35.3◦ for tri-bimaximal (TBM) mixing [34], and θ012 = 30
◦ for hexagonal (HG) mixing [35].
Since the masses are not affected at the leading order, we adopt the central values and
uncertainties for the mass-squared differences from the global fit, i.e.,
δm221 = (7.40± 0.21)× 10−5 eV2 , |δm231| = (2.462± 0.035)× 10−3 eV2 . (46)
Also, since the long-baseline experiments are not sensitive to θ12, we impose a prior on θ
eff
12
to account for constraints from the current global fit, i.e., sin2 θeff12 = 0.307 ± 0.013. We
use Eq. (42) to calculate the predicted value of θeff12 . Then for a given θ
0
12 and the lightest
11
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Figure 1: The minimum value of χ2 as a function of m1 at DUNE. Here BM, TBM and HG
correspond to θ012 = 45
◦, 35.3◦, and 30◦, respectively.
mass m1 (m3) for the normal (inverted) hierarchy, we scan over the magnitudes and phases
of  and ′. We find that the phases of  and ′ only have a small effect on the χ2 value,
which agrees with the analytical expectation that the measurement of the CP violation is
suppressed. We also marginalize over both the normal and inverted hierarchy for the tested
DM scenario. We find that the χ2 value for the inverted mass hierarchy is always larger than
that for the normal hierarchy for the same lightest mass. This is because the masses are not
affected at the leading order and the mass hierarchy can be resolved with high confidence at
DUNE [36].
The minimum value of χ2 as a function of m1 is shown in Fig. 1 for the three benchmark
values of θ012. As an illustrative example, we show the oscillation probabilities for θ
0
12 = 35.3
◦
and m1 = 0.1 eV in the neutrino and antineutrino appearance channels in Fig. 2. We see
that the DM oscillation curves overlap the SM curves sufficiently in both modes that a clear
discrimination is not possible. From Fig. 1 we see that DUNE alone cannot distinguish the
DM scenario from the SM scenario at more than the 3σ C.L. if m1 is greater than about
0.05 eV. We also see that as m1 decreases, χ
2
min increases. This can be understood from
12
1 2 3 4 5
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Figure 2: The appearance probabilities at DUNE. The oscillation parameters in the DM
scenario are: θ012 = 35.3
◦, m1 = 0.1 eV,  = 0.0024× ei0.7502 eV and ′ = 0.00041× ei1.278 eV.
See the text for the other parameter values.
Eqs. (41) and (43). For a smaller m1, the magnitude of  required to explain the measured
θ13 becomes larger, and higher order corrections then break the degeneracies between the
SM and DM scenarios.
Since future medium-baseline reactor experiments can make a high precision measure-
ment of both θ12 and θ13, we study the sensitivity reach at JUNO. We use the GLoBES
software to simulate the JUNO experiment. The experimental configuration is the same
as that in Ref. [37], which reproduces the results of Ref. [38]. We use the same procedure
for the long-baseline accelerator experiments except with no prior on θeff12 , since JUNO can
measure θ12 more precisely than the current experiments. For the lightest mass between 0
and 0.2 eV, we find that the minimum value of χ2 at JUNO is 47.6, 46.9 and 57.0, with the
initial mixing being BM, TBM and HG, respectively. Hence, JUNO can rule out this model
with the three initial mixings at more than 6σ C.L.
5 Summary
We studied the effects of light scalar DM–neutrino interactions at various neutrino oscillation
experiments. For a light scalar DM field oscillating as a coherent state, the coupling between
DM and neutrinos induces a small perturbation to the neutrino mass matrix. We consider
the case in which the DM oscillation period is smaller than the experimental resolution
13
of periodicity, i.e., ten minutes. After averaging the oscillation probabilities over a DM
oscillation cycle, the perturbation to the neutrino mass matrix leads to a modification of
the effective neutrino oscillation parameters if the experimental data are interpreted in the
standard three-neutrino oscillation framework.
Since the results depend on the flavor structure of the initial mass matrix and the per-
turbation matrix, we presented a specific µ− τ symmetric model with DM interactions that
do not affect the eigenmasses at the leading order. We examined the effects of this model on
the effective oscillation parameters measured at various neutrino experiments. If the mass of
the scalar field is lighter than 1.8 × 10−15 eV, then solar neutrinos propagate adiabatically.
We find that all existing neutrino oscillation results can be explained in this model with a
shift of the effective mixing angles — the measured value of θ13 arises wholly from DM–
neutrino interactions. The model also predicts a suppression of the CP violation at neutrino
oscillation experiments.
We then studied the potential of DUNE and JUNO to discriminate between this model
and the standard three-neutrino oscillation scenario. We find that DUNE cannot make
a distinction at more than 3σ C.L. for bimaximal, tribimaximal and hexagonal mixing,
while JUNO can rule out the DM scenario at more than 6σ C.L. by making high-precision
measurements of both θ12 and θ13.
Acknowledgements. This research was supported in part by the U.S. DOE under
Grant No. de-sc0010504.
A Second-order corrections
For θ023 = 45
◦ and θ013 = 0, the mass matrix can be rewritten as
M = m1I +R
0
23

δm21(s
0
12)
2 δm21c
0
12s
0
12
√
2
δm21c
0
12s
0
12 δm21(c
0
12)
2 ′
√
2 ′ δm31
 (R023)T . (47)
We diagonalize the above mass matrix by the unitary matrix,
U = R023UδR
0
12R
′
12 , (48)
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where R0ij is the rotation matrix in the i− j plane with a rotation angle θ0ij, Uδ is
Uδ =

1 0 δ13
0 1 δ23
−δ∗13 −δ∗23 1
 , (49)
and R′12 is
R′12 =

1 δ12 0
−δ∗12 1 0
0 0 1
 . (50)
From Eq. (47), the leading order corrections in the 1-3 and 2-3 sector are
δ13 ≈
√
2∗
δm31
, δ23 ≈ 
′∗
δm31
. (51)
We see that after the rotations of R023, Uδ and R
0
12, the mass matrix in the 1-2 sector is0 0
0 δm21
− 1
δm31
22(c012)2 + ′2(s012)2 −√2′ sin(2θ012) √2′ cos(2θ012) + 22−′22 sin(2θ012)√
2′ cos(2θ012) +
22−′2
2
sin(2θ012) 2
2(s012)
2 + ′2(c012)
2 −√2′ sin(2θ012)
 .
(52)
Hence, the next-to-leading order correction in the 1-2 sector is
δ12 ≈ −
√
2∗′∗ cos(2θ012) + (
∗2 − ′∗2/2) sin(2θ012)
δm21δm31
, (53)
Since the DM perturbation potentially introduces additional complex phases in δθ23 and
δθ12, we must recast the parameters to put them in the standard form. We combine the
initial rotation with the infinitesimal one to get (e.g., in the 2-3 sector), c023 s023
−s023 c023
 1 δ23
−δ∗23 1
 =
 c023 − s023δ∗23 s023 + c023δ23
−s023 − c023δ∗23 c023 − s023δ23
 . (54)
To first order, the magnitude of the 1-1 element is
|(R23)11| =
√
(c023)
2 − 2s023c023Reδ23 + (s023)2|δ23|2
' c023 − s023Reδ23 ' cos(θ023 + Reδ23) , (55)
and the phase is
arg((R23)11) ≡ φ23 ' tan θ023Imδ23 . (56)
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Likewise for the off-diagonal element,
|(R23)12| =
√
(s023)
2 + 2s023c
0
23Re(δ23) + (c
0
23)
2|δ23|2
' s023 + c023Re(δ23) ' sin(θ023 + Re(δ23)) , (57)
and the phase is
arg((R23)12) ≡ φ′23 ' cot θ023Imδ23 . (58)
Therefore the rotation in the 2-3 sector is now
R23 =
 c23eiφ23 s23eiφ′23
−s23e−iφ′23 c23e−iφ23
 , (59)
where θ23 includes a shift in Re(δ23). Since |δθ23|  θ23 ∼ 1, φ23 and φ′23 are small. A similar
manipulation can be done for R12, with |φ12|, |φ′12|  1. In the 1-3 sector, we get
R13 =
 1 δ13
−δ∗23 1
 '
 c13 s13eiφ13
−s13e−iφ13 c13
 , (60)
where φ13 = arg(δ13). Note that the cosine terms in R13 do not get a phase at first order
because their shifts are at second order (due to the fact that θ013 = 0). Hence, the leading
corrections to the three mixing angles are
δθ13 ≈
√
2||
δm31
, (61)
δθ23 ≈ Re(
′)
δm31
, (62)
δθ12 ≈ −Re(
√
2′ cos 2θ012 + (
2 − ′2/2) sin 2θ012)
δm21δm31
. (63)
Combining these 2-D rotations together in the full 3-D rotation matrix and making some
phase changes in rows and columns so that the 1-1, 1-2, 2-3, and 3-3 elements are real we
get
U =

c13c12 c13s12 s13e
iφ13
−s12c23eiη − c12s23s13e−iφ13 c12c23eiη − s12s23s13e−iφ13 c13s23
s12s23e
iη − c12c23s13e−iφ13 −c12s23eiη − s12c23s13e−iφ13 c13c23
 . (64)
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where η = φ23−φ′23−φ12−φ′12. This is not quite in the standard form, but we can multiply
the second and third rows by e−iη and the third column by eiη to get the standard form for
U with δCP = −(φ13+η). Since the phases in η are all small, δCP is primarily given by −φ13,
i.e., arg().
B A general treatment of oscillation probabilities
A general way to look at the oscillation probabilities is to do a Taylor series expansion about
the standard expression:
P ≈ P0 +
(
∂P
∂θ12
)
0
δθ12C
2 +
(
∂P
∂θ13
)
0
δθ13C +
(
∂P
∂θ23
)
0
δθ23C (65)
+
1
2
[(
∂2P
∂θ212
)
0
δθ212C
4 +
(
∂2P
∂θ213
)
0
δθ213C
2 +
(
∂2P
∂θ223
)
0
δθ223C
2
]
+
(
∂2P
∂θ12∂θ13
)
0
δθ12δθ13C
3 +
(
∂2P
∂θ12∂θ23
)
0
δθ12δθ23C
3 +
(
∂2P
∂θ13∂θ23
)
0
δθ13δθ23C
2 .
Using 〈C〉 = 0, 〈C2〉 = 1/2, 〈C3〉 = 0, and 〈C4〉 = 3/8, where 〈 〉 indicates averaging over
the DM oscillation, and after averaging,
〈P 〉 ≈ P0 + 1
2
(
∂P
∂θ12
)
0
δθ12 +
3
16
(
∂2P
∂θ212
)
0
δθ212 (66)
+
1
4
(
∂2P
∂θ213
)
0
δθ213 +
1
4
(
∂2P
∂θ223
)
0
δθ223 +
1
2
(
∂2P
∂θ13∂θ23
)
0
δθ13δθ23 .
On the other hand, the expansion in terms of effective parameter shifts is
P ≈ P0 +
(
∂P
∂θ12
)
0
δθeff12 +
(
∂P
∂θ13
)
0
δθeff13 +
(
∂P
∂θ23
)
0
δθeff23 (67)
+
1
2
[(
∂2P
∂θ212
)
0
(δθeff12 )
2 +
(
∂2P
∂θ213
)
0
(δθeff13 )
2 +
(
∂2P
∂θ223
)
0
(δθeff23 )
2
]
+
(
∂2P
∂θ12∂θ13
)
0
δθeff12 δθ
eff
13 +
(
∂2P
∂θ12∂θ23
)
0
δθeff12 δθ
eff
23 +
(
∂2P
∂θ13∂θ23
)
0
δθeff13 δθ
eff
23 .
If the expressions are quadratic in s213 and/or c
2
13 and using θ
0
13 = 0, then (∂P/∂θ13)0 = 0,
(∂2P/∂θ13∂θ23)0 = 0, and Eq. (66) reduces to (keeping only the leading correction for each
δθ)
〈P 〉 ≈ P0 + 1
2
(
∂P
∂θ12
)
0
δθ12 +
1
4
(
∂2P
∂θ213
)
0
δθ213 +
1
4
(
∂2P
∂θ223
)
0
δθ223 , (68)
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and Eq. (67) reduces to (again keeping only the leading correction for each δθ)
P ≈ P0 +
(
∂P
∂θ12
)
0
δθeff12 +
(
∂P
∂θ23
)
0
δθeff23 +
1
2
(
∂2P
∂θ213
)
0
(δθeff13 )
2 . (69)
Comparing Eqs. (68) and (69), we find δθeff12 = δθ12/2, δθ
eff
13 = δθ13/
√
2, and δθeff23 = 0
(neglecting the small, second-order correction to θ23, which is acceptable since the leading
order terms involving θ23 are generally not zero). Note that since the period of DM oscillation
considered here is much larger than the neutrino travel time at a terrestrial experiment, the
expansions in Eqs. (66) and (67) are not affected by matter effects and the shifts in the
effective angles remain the same.
In the more general case with (∂P/∂θ13)0 6= 0 (such as when there is a single factor of
s13 or sin 2θ13), there is no single power of δθ13 in Eq. (66) that matches the single power
of δθeff13 in Eq. (67), and the simple correspondence between δθ13 and δθ
eff
13 breaks down.
The only measurement that appears to have this problem is the appearance measurement
at long-baseline experiments. Also, since the Dirac CP phase is always associated with s13
in an oscillation probability, the absence of a single power of δθ13 in Eq. (66) indicates a
reduced sensitivity to the Dirac CP phase in neutrino oscillation experiments.
References
[1] W. Hu, R. Barkana and A. Gruzinov, Phys. Rev. Lett. 85, 1158 (2000) [astro-
ph/0003365].
[2] S. Bird, I. Cholis, J. B. Muoz, Y. Ali-Hamoud, M. Kamionkowski, E. D. Kovetz, A. Rac-
canelli and A. G. Riess, Phys. Rev. Lett. 116, no. 20, 201301 (2016) [arXiv:1603.00464
[astro-ph.CO]].
[3] L. Hui, J. P. Ostriker, S. Tremaine and E. Witten, Phys. Rev. D 95, no. 4, 043541
(2017) [arXiv:1610.08297 [astro-ph.CO]].
[4] V. Iri, M. Viel, M. G. Haehnelt, J. S. Bolton and G. D. Becker, Phys. Rev. Lett. 119,
no. 3, 031302 (2017) [arXiv:1703.04683 [astro-ph.CO]].
18
[5] J. Zhang, J. L. Kuo, H. Liu, Y. L. S. Tsai, K. Cheung and M. C. Chu, arXiv:1708.04389
[astro-ph.CO].
[6] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977); S. Weinberg, Phys.
Rev. Lett. 40, 223 (1978); F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[7] S. Dimopoulos and G. F. Giudice, Phys. Lett. B 379, 105 (1996) [hep-ph/9602350];
N. Arkani-Hamed, L. J. Hall, D. Tucker-Smith and N. Weiner, Phys. Rev. D 62, 105002
(2000) [hep-ph/9912453]; C. P. Burgess, A. Maharana and F. Quevedo, JHEP 1105,
010 (2011) [arXiv:1005.1199 [hep-th]]; M. Cicoli, C. P. Burgess and F. Quevedo, JHEP
1110, 119 (2011) [arXiv:1105.2107 [hep-th]].
[8] T. R. Taylor and G. Veneziano, Phys. Lett. B 213, 450 (1988); T. Damour and
A. M. Polyakov, Nucl. Phys. B 423, 532 (1994) [hep-th/9401069].
[9] F. Piazza and M. Pospelov, Phys. Rev. D 82, 043533 (2010) [arXiv:1003.2313 [hep-ph]].
[10] A. Surez, V. H. Robles and T. Matos, Astrophys. Space Sci. Proc. 38, 107 (2014)
[arXiv:1302.0903 [astro-ph.CO]].
[11] A. Berlin, Phys. Rev. Lett. 117, no. 23, 231801 (2016) [arXiv:1608.01307 [hep-ph]].
[12] G. Krnjaic, P. A. N. Machado and L. Necib, arXiv:1705.06740 [hep-ph].
[13] V. Brdar, J. Kopp, J. Liu, P. Prass and X. P. Wang, Phys. Rev. D 97, no. 4, 043001
(2018) [arXiv:1705.09455 [hep-ph]].
[14] J. Liao, D. Marfatia and K. Whisnant, Phys. Rev. D 87, no. 1, 013003 (2013)
[arXiv:1205.6860 [hep-ph]].
[15] J. Liao, D. Marfatia and K. Whisnant, Phys. Rev. D 92, no. 7, 073004 (2015)
[arXiv:1506.03013 [hep-ph]].
[16] E. Richard et al. [Super-Kamiokande Collaboration], Phys. Rev. D 94, no. 5, 052001
(2016) [arXiv:1510.08127 [hep-ex]].
19
[17] T. Gaisser [ICECUBE Collaboration], http://www.cbpf.br/∼icrc2013/papers/icrc2013-
0492.pdf
[18] G. L. Fogli, E. Lisi, A. Palazzo and A. M. Rotunno, Phys. Lett. B 623, 80 (2005)
[hep-ph/0505081].
[19] L. B. Auerbach et al. [LSND Collaboration], Phys. Rev. D 72, 076004 (2005) [hep-
ex/0506067].
[20] P. Adamson et al. [MINOS Collaboration], Phys. Rev. Lett. 101, 151601 (2008)
[arXiv:0806.4945 [hep-ex]]; Phys. Rev. Lett. 105, 151601 (2010) [arXiv:1007.2791 [hep-
ex]]; Phys. Rev. D 85 (2012) 031101 [arXiv:1201.2631 [hep-ex]].
[21] R. Abbasi et al. [IceCube Collaboration], Phys. Rev. D 82, 112003 (2010)
[arXiv:1010.4096 [astro-ph.HE]].
[22] A. A. Aguilar-Arevalo et al. [MiniBooNE Collaboration], Phys. Lett. B 718, 1303 (2013)
[arXiv:1109.3480 [hep-ex]].
[23] Y. Abe et al. [Double Chooz Collaboration], Phys. Rev. D 86, 112009 (2012)
[arXiv:1209.5810 [hep-ex]].
[24] K. Abe et al., Phys. Rev. D 95, no. 11, 111101 (2017) [arXiv:1703.01361 [hep-ex]].
[25] P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 594, A13 (2016)
[arXiv:1502.01589 [astro-ph.CO]].
[26] J. Yoo et al. [Super-Kamiokande Collaboration], Phys. Rev. D 68, 092002 (2003) [hep-
ex/0307070].
[27] B. Aharmim et al. [SNO Collaboration], Phys. Rev. D 72, 052010 (2005) [hep-
ex/0507079]; Astrophys. J. 710, 540 (2010) [arXiv:0910.2433 [astro-ph.SR]].
[28] V. Barger, D. Marfatia and K. Whisnant, Phys. Rev. D 65, 073023 (2002) [hep-
ph/0112119].
20
[29] P. Huber, M. Lindner and W. Winter, Comput. Phys. Commun. 167, 195 (2005) [hep-
ph/0407333]; P. Huber, J. Kopp, M. Lindner, M. Rolinec and W. Winter, Comput.
Phys. Commun. 177, 432 (2007) [hep-ph/0701187].
[30] J. Liao, D. Marfatia and K. Whisnant, JHEP 1701, 071 (2017) [arXiv:1612.01443 [hep-
ph]].
[31] A. M. Dziewonski and D. L. Anderson, Phys. Earth Planet. Interiors 25, 297 (1981).
[32] I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler and T. Schwetz, JHEP
1701, 087 (2017) [arXiv:1611.01514 [hep-ph]]; NuFIT 3.1 (2017), www.nu-fit.org.
[33] F. Vissani, hep-ph/9708483; V. D. Barger, S. Pakvasa, T. J. Weiler and K. Whisnant,
Phys. Lett. B 437, 107 (1998) [hep-ph/9806387]; A. J. Baltz, A. S. Goldhaber and
M. Goldhaber, Phys. Rev. Lett. 81, 5730 (1998) [hep-ph/9806540].
[34] P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 530, 167 (2002) [hep-
ph/0202074]; Z. z. Xing, Phys. Lett. B 533, 85 (2002) [hep-ph/0204049]; X. G. He and
A. Zee, Phys. Lett. B 560, 87 (2003) [hep-ph/0301092].
[35] C. H. Albright, A. Dueck and W. Rodejohann, Eur. Phys. J. C 70, 1099 (2010)
[arXiv:1004.2798 [hep-ph]]; J. E. Kim and M. S. Seo, JHEP 1102, 097 (2011)
[arXiv:1005.4684 [hep-ph]].
[36] R. Acciarri et al. [DUNE Collaboration], arXiv:1512.06148 [physics.ins-det].
[37] J. Liao, D. Marfatia and K. Whisnant, Phys. Lett. B 771, 247 (2017) [arXiv:1704.04711
[hep-ph]].
[38] F. An et al. [JUNO Collaboration], J. Phys. G 43, no. 3, 030401 (2016)
[arXiv:1507.05613 [physics.ins-det]].
21
